Combined neutron and x-ray diffraction experiments demonstrate the formation of a lowtemperature minority tetragonal phase in Ba0.76K0.24Fe2As2 in addition to the majority magnetic, orthorhombic phase. A coincident enhancement in the magnetic ( 1 2 1 2 1) peaks shows that this minority phase is of the same type that was observed in Ba1−xNaxFe2As2 (0.24 ≤ x ≤ 0.28), in which the magnetic moments reorient along the c-axis. This is evidence that the tetragonal magnetic phase is a universal feature of the hole-doped iron-based superconductors.
I. INTRODUCTION
A key to understanding the pairing mechanism in the superconducting state of the iron pnictide and chalcogenide superconductors is characterizing the nature of the electronic interactions that are responsible for the competing spin-density-wave (SDW) state. The origin of the magnetic order, which is coupled to an orthorhombic distortion of the high-temperature tetragonal lattice that is often labelled 'nematic' order, is still debated, with a range of theoretical treatments that range from localized orbital models to weak-coupling itinerant models based on Fermi surface nesting.
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Since it seems that, until now, each class of models could be modified to comport with the measured properties, solely studying the principal SDW state is apparently not enough to settle the dispute. Recently we have shown that a second tetragonal magnetic phase appears near the end of the SDW dome in hole-doped Ba 1−x Na x Fe 2 As 2 . This was called the "C 4 " phase to distinguish it from the more usual stripe SDW phase, which has "C 2 " symmetry. [4] [5] [6] The magnetic structure of the C 4 phase was later shown to involve a reorientation of the spins from in-plane to out-of-plane. 7, 8 The reorientation temperature, T r , occurs well above T c , indicating that it does not arise from a coupling of the superconducting order parameter with the other order parameters as was observed in Ba(Fe 1−x Co x ) 2 As 2 , 9 but instead must be a manifestation of changes in the coupling between iron atoms. The fact that the system returns to the tetragonal symmetry of the paramagnetic phase, while remaining magnetic, puts new constraints on the set of plausible electronic ordering mechanisms. In particular, a group theory analysis shows that it may be possible to distinguish between itinerant and quasi-local orbital models through the observation of orbital order in the C 4 phase.
8
Characterizing the C 4 SDW phase is therefore a primary concern in settling the debate on the origin of the parent C 2 SDW phase. It is important to establish whether this phase is unique to the Ba 1−x Na x Fe 2 As 2 system, or whether it is observed in other related systems, in order to decide if the inferred physics of these specific compounds are atypical or more general. Related families such as the hole-doped Ba 1−x K x Fe 2 As 2 have been extensively studied in earlier publications.
10,11
Here we return our attention to the region near the edge of the dome of Ba 1−x K x Fe 2 As 2 using fine temperature control with both high-resolution x-rays and highintensity neutrons. The combined analysis shows that the reentrant C 4 tetragonal phase is indeed present in the Ba 1−x K x Fe 2 As 2 phase diagram at x = 0.24, but not below x = 0.22, indicating that it is a common feature of the hole-doped '122' iron compounds. It is only present as a minority phase below a first-order transition, consistent with the delicate energy balance between the C 2 and C 4 phases predicted by itinerant spin-nematic theory, 2 and is rapidly suppressed below the superconducting transition. We had earlier reported that the C 4 phase in Ba 1−x Na x Fe 2 As 2 exhibited a stronger competition with superconductivity than the C 2 phase, 4 but this is the first time we have observed the complete suppression of the C 4 phase below T c .
II. TECHNIQUES
The polycrystalline samples reported in Ref 11 were used in the new measurements. Powders were prepared by combining stoichiometric amounts of BaAs, KAs, and Fe 2 As in sealed Nb tubes, which were in turn sealed in quartz tubes and fired at 1050 ℃. More details can be found in the original publication.
11 Powder xray diffraction experiments (PXRD) were measured at the Advanced Photon Source, Argonne National Laboratory, on beamline 11-BM-B using the liquid helium cryostat (λ = 0.413429Å). The sample was prepared for measurement by dusting the outside of a greased kapton capillary with sample powder. Rietveld refinements were performed using General Structure Analysis System (GSAS) 12 and the graphical user interface, EXPGUI.
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Powder neutron diffraction (PND) experiments were performed at ISIS, Rutherford Appleton Laboratory, on the Wish beamline.
III. RESULTS AND DISCUSSION
The diffraction data are summarized in Figures 1, 2 and 3. The peak indices are given for the body-centered tetragonal cell in all cases. The cascaded diffractograms of the x-ray diffraction data ( Figure 1) shows the splitting of the (112) and (114) on warming from 10 (T r,1 to 30 K (T r,2 ) between these two reflections. The same data can also be visualized using a false color map, as depicted in Figure 2 . The neutron diffraction data ( Figure 3) shows an evolution in the magnetic intensity within the same region for the ( 3) peak. Our previous study on Ba 1−x Na x Fe 2 As 2 showed that the C 4 phase exhibits a 10-fold increase in intensity of the ( 
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3) (bottom) reflections. The right panels are peak intensities integrated from a 5-point-wide cut through the peak of interest.
A two-phase Rietveld refinement was used to model the minority phase in the 11BM data. For two-overlapping phases of such similar structure, it is difficult to refine the lattice parameters for the minority phase reliably, and similar R values are obtained regardless of whether certain parameters of the tetragonal phase are constrained or allowed to refine freely. For example, freely refining the lattice parameters of the minority phase gives obviously incorrect peak positions, due to convolution with small features in the majority phase peak's shoulders that are not perfectly modeled. These values also covary with the relative phase fraction, making a unique solution unattainable. As detailed below, several assumptions and approximations must be made in order to minimize systematic errors and to produce a model that is physically meaningful.
To start, the c-axes of both phases (c 1 and c 2 , for the majority orthorhombic and minority tetragonal phases, respectively) were constrained to be equivalent, since no extra broadening of the (00l) reflections was observed when comparing the two-phase and one-phase temperature regions. The shoulders in the peaks split by the orthorhombic distortion (such as what is shown in Figure 1 ) can then be used to define the other cell axis of the minority phase, a 2 , which allows the free refinements of a 1 and b 1 , giving good agreement with the data. Thermal and peak profile parameters of both phases are constrained to be nearly equivalent, which allowed the weight fractions to be refined self-consistently. Using this method, the final two-phase refinement models have all of the crystallographic parameters of the orthorhombic phase freely refined, while, for the tetragonal phase, only the scale ) is plotted from refinements where the majority phase is refined as orthorhombic at all temperatures for comparison. Inset is a detailed view around Tc and Tr factor is refined by GSAS.
The temperature dependence of the majority phase is summarized in Figures 4 and 5 . The refined lattice parameters of the majority (orthorhombic) phase do not appear to be affected by the presence of the minority (tetragonal) phase. For example, the orthorhombic order parameter shows the usual discontinuity at T c (26 K), but there is no evidence of a change in slope corresponding to the (dis)appearance of the tetragonal phase. This is further evidence that the transition from orthorhombic C 2 phase to the magnetic C 4 phase is of first order and that the two phases are microscopically decoupled. The structural transition at T s is also clearly in the primitive basal plane lattice parameter (here, called a tet ) and orthorhombic order parameter, δ = a1−b1 a1+b1 (Figure 4a and b, respectively). The in-plane lattice parameter, a tet , is calculated from the orthorhombic phase by transforming the conventional F -centered cell back to the I-centered one, via a 1,tet = (a 2 1 + b 2 1 )/2. Below T N , this value is clearly enhanced, as is typical of hole-doped 122 ironpnictides, 14 while the c-axis shows little change. The vol- The volume of the majority phase (V1), with blue and black circles being used to demarcate the transition from tetragonal to orthorhombic models, respectively The inset is the refined phase fraction of the minority phase, when present. ume anomaly at T N is primarily seen as a subtle change in slope.
The properties of the minority phase are also plotted in Figure 5 . What is observed is a small tetragonal phase fraction that reaches a maximum (∼ 8%) between 20.8 and 22.7 K, and becomes indistinguishable from background below 12 K and above 30 K. The in-plane lattice parameter appears to be rather smaller than the primary phase ( Figure 5 ). The phase fraction derived from the xray data peaks at the same temperature as the enhancement in the magnetic peak intensity of the ( 1 2 1 2 1) reflection in neutron data. This agrees well with the interpretation that this minority phase is the same tetragonal magnetic phase that was observed in Ba 1−x Na x Fe 2 As 2 .
4
In order to draw a modified phase diagram for the Ba 1−x K x Fe 2 As 2 family, some understanding of the limits to the C 4 region need to be established. Similar highresolution x-ray and high-intensity neutron diffraction experiments on a x = 0.225 (10) and b, respectively), which sets a lower limit. While our previous report of high-resolution neutron diffraction 11 provides insufficient data to rule out the possibility that a small tetragonal phase appears below 40 K at x = 0.25, recent uniaxial dilatometry measurements provide evidence of a return to tetragonal symmetry in a narrow temperature range all the way up to the edge of the magnetic dome (in compositional space) 15 . While the application of stress may change the properties enough to shift phase boundary lines (for example, see Hassinger et al. 16 ), this is consistent with our results, so the phase diagram of Ba 1−x K x Fe 2 As 2 is drawn to be consistent with this scenario in Figure 7 . The complete suppression of the C 4 phase below T c , shown in the inset to Fig. 5b , is consistent with our earlier observation that it competes more strongly with superconductivity than the C 2 phase. 4 
IV. CONCLUSION
The combined neutron and x-ray powder diffraction on Ba 0.76 K 0.24 Fe 2 As 2 shows evidence of a second, minority phase below 30 K. The structural and magnetic features of the secondary phase indicate that it is the same as the previously reported tetragonal magnetic phase in Ba 1−x Na x Fe 2 As 2 , 4 but with a reduced stability range, possibly due to the larger cation size. This provides evidence that the C 4 phase is a universal feature of the holedoped 122 family of iron-based superconductors. The resulting phase diagram is similar to the one recently reported by Böhmer et al 15 , although they claim that the tetragonal phase fraction is 100%. The fact that we observe it as a minority phase suggests that the stability of the C 4 phase is extremely sensitive to subtle changes in sample composition and measurement conditions. We have proposed that the C 4 phase is evidence for itinerant spin-nematic theory, in which the coupled magnetic and structural transitions are due to magnetic fluctuations caused by Fermi surface nesting. This theory predicts that the C 2 and C 4 phases have very similar free energies close to the suppression of C 2 order, 4 which is consistent with the delicate stability of the C 4 phase. In this model, the C 4 SDW results from a simultaneous coupling between Fermi surfaces along two in-plane directions, rather than just one in the C 2 phase, providing a natural explanation for the stronger phase competition with superconductivity evident in the phase diagram. 
